The N-acetylneuraminate (NANA) lyase (EC 4.1.3.3) gene from Escherichia coli was self-cloned in E. coli. Transformants were selected by complementation of a NANA lyase-deficient E. coli strain. One clone was found to produce NANA lyase, and it contained a recombinant plasmid, pNALI, with a 9.0-kilobase HindlIl insert.
The cloning of the NANA lyase gene resulted in the change from inducible to constitutive production of the enzyme. The level of expression of the NANA lyase gene in E. coli(pNALl) clones was two-to three-fold higher than that in the fully induced wild-type strains.
N-Acyl derivatives of neuraminic acid are generically called sialic acids and are important building blocks in the polysaccharide chains found in the glycoproteins and glycolipids of the cell coats of animal tissues. The determination of sialic acids in serum and other body fluids is known to be significant in the diagnosis of malignant and inflammatory diseases (6, 18, 22) .
N-Acetylneuraminate (NANA) lyase (EC 4.1.3.3) cleaves NANA to pyruvate and N-acetylmannosamine and can be used as a key enzyme for the enzymatic determination of sialic acids (20) . NANA lyase has been found to occur in mammalian tissues, in some pathogenic bacteria, such as Clostridium perfringens (4), Corynebacteriium diphtheriae (2), Pasteurella multocida (7), and Vibrio cholerae (8) , and in Escherichia coli (4, 24) . In these bacteria, however, NANA lyase was formed only when the substrate NANA was used as a source of carbon. The high cost of NANA is a big obstacle for the production of the enzyme on an industrial scale.
To overcome this limitation, we used recombinant DNA techniques and succeeded in constructing an E. coli strain which can produce high NANA lyase activity even in the absence of NANA. We report here the self-cloning of the E. coli NANA lyase gene and its constitutive expression.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains used were E. coli K-84, E. coli C600-SF8 (F-A-hsdR hsdM thr-l leu-6 lac Ythi recB recC lop-ll lig), and E. coli HB101 (F-hsdR hsdM pro leu thi rpsL recA). A NANA lyase-deficient mutant, strain 0-2, was derived from strain SF8 by mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine as described by Adelberg et al. (1) and by enrichment with penicillin G as described by Miller (14) . Plasmid pBR322 was used as a cloning vector.
Media. The rich medium used was LB medium, consisting of 1% tryptone, 0.5% yeast extract, 0.5% NaCl, and 0.1% glucose (pH 7.2). The minimal medium (MM) used was composed of 0.2% carbon source, 0.1% (NH4)2S04, 0.7% K2HPO4, 0.3% KH2PO4, 0.01% MgSO4 * 7H20, 0.2 mM threonine, 0.2 mM leucine, and 5 p.g of thiamine per ml (pH 7.0). The medium (B medium) used for the assay of enzyme production contained 1% peptone, 0.7% meat extract, and * Corresponding author. 0.3% NaCI (pH 7.0), with or without NANA. For the cultivation of strains harboring a plasmid, ampicillin was added at a concentration of 20 pLg/ml.
DNA isolation and analyses. Chromosomal DNA was prepared by the phenol extraction method of Saito and Miura (17) , and plasmid DNA was isolated by the alkaline sodium dodecyl sulfate lysis method of Birnboim and Doly (3). DNA was analyzed by electrophoresis in horizontal agarose gels (0.7 to 1.0%). Electrophoresis was performed at 60 V for 3 to 4 h in Tris-sodium acetate-EDTA buffer (pH 8.0) (19) . DNA cloning. Chromosomal DNA from strain K-84 was completely digested with Hindlll. The DNA was ligated with T4 DNA ligase to plasmid pBR322, which had been cut with HindIlI and treated with alkaline phosphatase (25) . Transformation was carried out by the calcium shock method described by Lederberg and Cohen (12) . Transformants were selected on LB agar plates containing 20 ptg of ampicillin per ml. The ampicillin-resistant (Apr) colonies were replicated onto MM agar plates containing ampicillin and NANA as a carbon source, and colonies that appeared were selected.
Enzyme assay.. Cells were grown to the mid-log phase in test tubes (20 by 200 mm) containing 10 ml of B medium with or without NANA and ampicillin. Cultures were harvested by centrifugation at 12,000 x g for 10 min. Washed cells were suspended in 2.0 ml of 10 mM phosphate buffer (pH 7.0) and sonicated for 5 min with an ultrasonic disruptor (Tomy Seiko Co. Ltd., Tokyo, Japan). The sonicated preparation was centrifuged at 12,000 x g for 15 min, and the supernatant was used for the enzyme assay. NANA lyase activity was assayed as follows. The reaction mixture contained 5 ,umol of NANA and 50 ,umol of phosphate buffer (pH 7.0) in a total volume of 0.5 ml. Incubation was carried out at 37°C for 10 min and stopped by the addition of 50 p.l of 1 mM N-bromosuccinimide (a strong inhibitor). The amount of pyruvate formed was determined with lactate dehydrogenase and NADH as described by Comb and Roseman (5). The protein concentration was determined by the method of Lowry et al. (13) with bovine serum albumin as a standard. One unit of enzyme activity was defined as the amount of enzyme that produced 1 ,umol of pyruvate per min. Specific activity was expressed as units per milligram of protein.
Chemicals. Restriction endonucleases, bacterial alkaline phosphatase, and T4 DNA ligase were purchased from Takara Shuzo Co. Ltd., Kyoto, Japan. NANA was pur- Figure 1 shows the circular restriction map of pNAL1. pNALl was 13.4 kilobases in molecular size and contained about 9 kilobases of a fragment derived from E. coli chromosomal DNA at the HindIll site of vector pBR322. To determine the stability of the plasmid DNA, we grew E. coli 0-2(pNALI) to the mid-log phase in LB-ampicillin medium. The (Fig. 2) , suggesting that a regulatory region of the NANA lyase gene was not cloned together with the structural gene in the plasmid. Furthermore, the addition of NANA did not stimulate NANA lyase production but caused, to a degree, the repression of enzyme production, suggesting that regulation occurred through catabolite repression. To clarify this point, we examined the effect of glucose on the production of NANA lyase. With the addition of increasing concentrations of glucose, a lowering of the pH of the culture broth and a decrease in enzyme production were observed ( Table 3 ). The decrease in enzyme production by glucose was also found after longer cultivation (2 days; data not shown) or in cultures in which the pH was partially controlled with CaCO3. These results suggest that NANA lyase production was regulated to some extent by catabolite repression.
The orientation requirements for the expression of the NANA lyase gene on pNAL1 were further examined. pNAL1 was cut with HindlIl, and the reaction mixtures were self-religated. Twelve Apr transformants were then selected, and the plasmids were cut with BamHI and BglII to determini was rever designate E. coli(pl (Fig. 2) . The introduction of pNAL1 into the wildendent on its own promotor and not on the type NANA lyase-producing strains (SF8 and HB101) also igh from the tet promotor originating in pBR322. resulted in the constitutive production of NANA lyase.
These results suggest that the constitutive production directed by pNAL1 is not dependent on the mutation in the host strains.
(ii) E. coli(pNAL1) clones had more than twice the NANA lyase activities as did the fully induced wild-type ) = strains. These results may be explained by some of the following possibilities. (i) The NANA lyase gene is negatively con-* trolled by a repressor (as we assumed initially Recently, the cloning of various kinds of inducible enzyme genes has been reported. Some inducible enzyme genes were expressed constitutively (11, 15, 16) , and others were expressed inducibly (9, 21) . When structural genes and regulatory genes are a part from each other on the chromosome, only structural genes may be cloned and so constitutively expressed.
pNAL1 carries a 9.0-kilobase insert. Assuming that the molecular weight of the E. coli NANA lyase monomer is 33,000 to 35,000 (23; unpublished data), the minimal size of the DNA needed to code for the enzyme is about 1 kilobase. Therefore, further subcloning is required to define the location of the NANA lyase gene and to attain its efficient expression.
We successfully applied molecular cloning techniques to the construction of a strain producing NANA lyase constitutively, without the addition of the expensive inducer. In principle, the enzyme genes under the negative control of a regulatory gene could be expressed constitutively in this way. Further studies to clarify the mechanism of constitutive production of the enzyme and to improve enzyme yield are now under way.
